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ABSTRACT
We present the results of a low-resolution spectral abundance study of 25 stars in the Boo¨tes I dwarf
spheroidal (dSph) galaxy. The data were obtained with the LRIS instrument at Keck Observatory,
and allow us to measure [Fe/H], [C/Fe], and [α/Fe] for each star. We find both a large spread in
metallicity (2.1 dex in [Fe/H]) as well as the low average metallicity in this system, 〈[Fe/H]〉 = −2.59,
matching previous estimates. This sample includes a newly discovered extremely metal-poor star,
with [Fe/H]=−3.8, that is one of the most metal-poor stars yet found in a dSph. We compare
the metallicity distribution function of Boo¨tes I to analytic chemical evolution models. While the
metallicity distribution function of Boo¨tes I is best fit by an Extra Gas chemical evolution model,
leaky-box models also provide reasonable fits. We also find that the [α/Fe] distribution and the
carbon-enhanced metal-poor fraction of our sample (12%) are reasonable matches to Galactic halo
star samples in the same metallicity range, indicating that at these low metallicities, systems like the
Boo¨tes I ultra-faint dSph could have been contributors to the Galactic halo.
Subject headings: galaxies: abundances, galaxies: dwarf, galaxies: individual Boo¨tes I,
stars:abundances
1. INTRODUCTION
In the last few years, numerous ultra-faint dwarf
spheroidal (dSph) galaxy companions to the Galaxy have
been discovered based on the Sloan Digital Sky Sur-
vey imaging (e.g, Willman et al. 2010, and references
therein). Recent studies have shown that these galax-
ies contain stars that are generally very metal poor; the
mean [Fe/H] values of the ultra-faint dSphs is consis-
tent with an extension of the luminosity-metallicity rela-
tionship found in their more luminous counterparts (e.g,
Norris et al. 2010b; Kirby et al. 2011b). Systems such as
these may thus have been important contributors to the
most metal-poor populations of the Galactic stellar halo.
This paper presents a chemical abundance analysis of
stars in the Boo¨tes I dSph galaxy based on low-resolution
spectroscopy. Originally discovered by Belokurov et al.
(2006), Boo¨tes I has been the subject of a number of
previous studies. For example, Mun˜oz et al. (2006) and
Martin et al. (2007) measuredM/L ∼ 130−600, making
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this one of the most dark-matter-dominated galaxies in
the Local Group, a result consistent with the N-body
simulations of Fellhauer et al. (2008).
The metallicity of Boo¨tes I has been estimated by
several studies as well. Belokurov et al. (2006) noted
the similarity of its color-magnitude diagram (CMD) to
the fiducial of M92, a globular cluster with [Fe/H]=
−2.3. Using RR Lyrae periods, Siegel (2006) reported
a range in [Fe/H] of ∼ −2.0 to −2.5. Hughes et al.
(2008) used Washington CT1T2 photometry to estimate
[Fe/H]= −2.1, while Martin et al. (2007), using the cal-
cium triplet (CaT) method, obtained a mean metallicity
of [Fe/H]= −2.1 based on a sample of 30 stars. How-
ever, it has been shown that previous calibrations of the
CaT estimator are unreliable at lower metallicities (e.g.,
Battaglia et al. 2008; Kirby et al. 2008). Norris et al.
(2008) find a mean [Fe/H] of −2.51 for a sample of 16
stars, using the Ca II K line-strength index approach.
High-resolution spectroscopic studies of Boo¨tes I mem-
bers have also been carried out. Norris et al. (2010c)
presented a study of a member star with [Fe/H]= −3.66,
and Norris et al. (2010b) updated their previous work
with high-resolution determinations of [Fe/H] and [C/Fe]
for six stars (as well as deriving [C/Fe] from their origi-
nal moderate-resolution data). Feltzing et al. (2009) pre-
sented a high-resolution spectroscopic study for seven
Boo¨tes I stars, finding one star with an anomously high
[Mg/Ca] ratio as compared with the rest of their sam-
ple. This signature is rarely found in metal-poor halo
stars (Aoki et al. 2007b; Cohen et al. 2007), However,
this may be a more common feature among dSph stars,
as evidenced from abundance studies of stars in Hercules
(Koch et al. 2008) and Draco (Fulbright et al. 2004).
In this study we present an abundance analysis for
25 stars in the Boo¨tes I system, based on low-resolution
spectra obtained with the LRIS multi-object spectrome-
ter on the Keck I telescope. Section 2 summarizes details
2of these observations and reductions. Section 3 describes
an automated analysis approach used to determine esti-
mates of [Fe/H], [α/Fe], and [C/Fe] for each star. In Sec-
tion 4 we combine our results with those of Feltzing et al.
(2009) and Norris et al. (2010b), comparing the Boo¨tes I
metallicity distribution to both other dSph galaxies and
with chemical evolution models, and also the [α/Fe], and
[C/Fe] distributions to the stellar abundances of Galactic
halo stars.
2. OBSERVATION AND REDUCTION DETAILS
Our Boo¨tes I targets were selected from the radial
velocity study of Martin et al. (2007). The stars with
confirmed radial velocity membership in Boo¨tes I were
observed using the blue side of the LRIS multi-object
spectrometer on the Keck I telescope (Oke et al. 1995;
Steidel et al. 2004). For all of our targets we used the
600/4000 Grism, with a slit width of 0.7”, yielding a re-
solving power of R ∼ 1800 at 5100 A˚. We were able to
observe 4 masks, giving us a total of 25 stars in the Boo¨tes
I system. The stars range from near the center to ∼ 8’
of center, all inside of the Boo¨tes I half-light radius of
13’ (Belokurov et al. 2006). The only criteria used in se-
lecting Boo members was the radial velocity membership
from Martin et al. (2007), so our sample should provide
an unbiased view of the nature of the stars in this galaxy.
We also observed one mask each for the globular clusters
M5 and M15, in order to validate our abundance mea-
surements and characterize their uncertainties. There is
no widely accepted naming scheme for the stars in Boo¨tes
I, so we employ the scheme from Table 1.
Standard IRAF8 routines were used to remove instru-
mental signatures from the data, extract spectra from
the two-dimensional images, and wavelength calibrate
the spectra. Due to flexure in LRIS, we could not obtain
reliable independent radial velocity estimates from our
measurements.
3. STELLAR PARAMETERS AND ANALYSIS
We employed a newly developed version of the SEGUE
Stellar Parameter Pipeline (SSPP; Lee et al. 2008a,b;
Allende Prieto et al. 2008), called the n-SSPP (indicat-
ing its use for non-SEGUE data). This code is suitable
for application to spectra other than those taken by the
SDSS/SEGUE that are of approximately the same reso-
lution (R∼ 2000), and cover a wavelength range of (ide-
ally) at least ∼3900 to 5500 A˚. In conjuction with the
spectra, the n-SSPP also uses ugriz colors when avail-
able (as is the case with our program stars). Otherwise
it makes use of Johnson V magnitude and B − V col-
ors, and/or a 2MASS (Skrutskie et al. 2006) J magni-
tude and J−K color, when available, in order to predict
magnitudes and colors on the SDSS photometric system.
The n-SSPP then determines the primary atmospheric
parameters (Teff , log g, [Fe/H], and [α/Fe]), based on a
subset of the procedures described in Lee et al. (2008a)
and Lee et al. (2011). Lee et al. (2011) describes the cali-
bration and validation of the techniques used for estimat-
ing [α/Fe], to which we refer the interested reader. Ex-
amples of observed spectra matched to synthetic spectra
8 IRAF is distributed by the National Optical Astronomy Ob-
servatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
produced with the n-SSPP derived parameters are shown
in Figure 1.
Carbon abundances, with accuracies on the order of
0.3 dex, were estimated from the CH G band at ∼ 4300A˚
by matching the observed spectra near this feature with
an extensive grid of synthetic spectra. The determina-
tion of carbon abundance can be affected by the oxygen
abundance because of molecular equilibrium. Since no
independent [O/Fe] can be determined from our spectra,
the grid assumes [O/Fe]= +0.4 for metallicities below so-
lar, and [O/Fe]= 0.0 for solar and above. In Figure 2, we
show examples of the synthetic fits of the G band region
used to determine [C/Fe] ratios. Details of this proce-
dure are described by Beers et al. (2007), as extended by
Carollo et al. (2011). The final adopted stellar parame-
ters and abundances are presented in Table 1.
3.1. Comparisons to Previous Results: Verification of
the Pipeline and Accuracy Estimates
3.1.1. [Fe/H] comparisons
The SSPP has already been verified to work well with
SDSS spectra (Smolinski et al. 2011). However, we also
checked the accuracy of the n-SSPP pipeline using our
particular setup, with observations of stars in two glob-
ular clusters M5 and M15. Table 2 lists the atmospheric
parameters and abundances derived using the n-SSPP for
stars from the two clusters. Table 1 and 2 also list the
final signal-to-noise ratios (SNRs) of the spectra as esti-
mated from the total counts of each extracted spectrum
(at 5180A˚). While it was not possible to exactly match
the SNR range between the cluster data and the Boo¨tes
I stars, due to varying observing conditions and magni-
tude differences, the SNR range is comparable between
the cluster spectra and the Boo¨tes I spectra.
Most of the cluster stars were selected because they
had previous abundance determinations based on high-
resolution spectra. The literature information listed in
Table 2 come from the high-spectral resolution studies of
Ivans et al. (2001) for M5, and Sneden et al. (2000), or
when available, Sneden et al. (1997), for M15 (the [Fe/H]
have been adjusted using a solar logǫ(Fe) = 7.45, to
match this study). Using these high-resolution studies
as benchmarks the M5 stars have 〈[Fe/H]〉 = −1.13, σ =
0.05, and the M15 stars have 〈[Fe/H]〉 = −2.31, σ = 0.04
(the 〈〉 notation, here and elsewhere, refers to a straight
average unless otherwise noted). For our purposes, we
assume that these values are the true metallicities for
each cluster, and that the true intrinsic spread of metal-
licities is no greater than the standard deviation from
the high-resolution determinations. The respective val-
ues derived from the LRIS observations are 〈[Fe/H]〉 =
−1.15, σ = 0.17 for M5 and 〈[Fe/H]〉 = −2.27, σ = 0.22
for M15. We take the much larger σs as an indication of
the error in the [Fe/H] measurements from this study.
We have two Boo¨tes I stars in our sample which were
previous analyzed in the study of Norris et al. (2010b).
One of these was also part of the study of Feltzing et al.
(2009). The [Fe/H] abundances in these two studies are
derived from analysis of high-resolution spectra. The
stars in common are Boo01 (Boo-117 in Norris et al.
2010b and Feltzing et al. 2009) and Boo24 (Boo-041 in
Norris et al. 2010b). For Boo01, we find [Fe/H]= −2.34,
in very good agreement with the values of [Fe/H]= −2.31
3Table 1
Coordinates and Abundance Results for Boo¨tes I Program Stars
Star R.A. Decl. SNR Teff log g [Fe/H] [α/Fe] [C/ Fe]
ID (J2000.0) (J2000.0) (@5180A˚) (K) (cgs) (dex) (dex) (dex)
Boo01 14 00 10.49 +14 31 45.50 130 4716 1.65 −2.34 0.12 −0.50
Boo02 14 00 12.92 +14 33 11.80 47 5114 2.00 −2.37 0.28 0.36
Boo03 14 00 33.08 +14 29 59.70 45 5127 1.99 −3.09 0.43 0.79
Boo04 14 00 03.08 +14 30 23.60 25 5210 2.68 −2.39 0.35 0.34
Boo05 13 59 44.27 +14 32 41.20 18 5077 2.55 −2.89 0.05 <0.00
Boo06 13 59 52.33 +14 32 45.70 23 5404 2.40 −2.20 0.32 0.64
Boo07 14 00 05.34 +14 30 23.30 38 5200 2.54 −2.49 0.16 0.39
Boo08 13 59 44.96 +14 32 30.10 22 5178 2.30 −2.48 0.18 0.32
Boo09 14 00 23.38 +14 32 45.30 13 5563 2.44 −2.65 0.37 0.90
Boo10 13 59 51.08 +14 30 49.80 11 5086 2.42 −2.59 · · · <0.00
Boo11 13 59 50.76 +14 31 14.20 14 5199 2.65 −2.43 0.05 −0.05
Boo12 14 00 27.29 +14 32 19.60 44 5168 2.19 −2.48 0.04 0.24
Boo13 14 00 22.45 +14 33 26.90 41 5631 2.35 −2.49 0.23 <0.00
Boo14 13 59 48.34 +14 32 03.60 32 5971 2.56 −2.57 0.34 <0.00
Boo15 13 59 57.85 +14 28 02.50 23 5117 2.31 −2.89 0.30 <0.00
Boo18 14 00 03.33 +14 28 51.50 22 5287 2.27 −2.51 0.13 0.44
Boo19 14 00 05.61 +14 26 18.90 35 5141 2.38 −3.29 0.28 0.40
Boo20 13 59 47.07 +14 28 52.60 12 4931 2.44 −2.42 0.13 −0.35
Boo21 14 00 09.85 +14 28 23.00 125 4775 1.48 −3.79 0.27 2.20
Boo22 13 59 50.63 +14 29 11.10 36 4866 1.93 −2.87 0.12 −0.16
Boo23 14 00 11.54 +14 25 56.10 20 5475 2.83 −2.90 0.16 1.86
Boo24 14 00 25.83 +14 26 07.60 80 4798 1.63 −1.65 0.46 −0.80
Boo25 14 00 21.84 +14 25 53.40 24 5141 2.02 −2.76 0.25 1.34
Boo28 14 00 02.29 +14 26 53.40 20 5449 3.29 −2.31 0.06 0.27
Boo30 14 00 23.34 +14 26 08.00 17 5449 3.29 −1.86 0.51 0.38
Table 2
Abundance Results for M5 and M15
Star SNR Teff log g [Fe/H] [α/Fe] [C/Fe] Teff log g [Fe/H] [α/Fe]
ID (@5180A˚) (K) (cgs) (dex) (dex) (dex) lit. lit. lit. lit.
M5 I-2 30 4359 2.06 −1.36 · · · <0.00 4540 1.52 −1.15 0.31
M5 I-4 35 4638 2.22 −1.19 0.33 −0.27 · · · · · · · · · · · ·
M5 I-50 29 4581 2.39 −1.25 0.29 −0.66 4590 1.55 −1.18 0.28
M5 I-58 37 4571 2.10 −1.01 0.09 −0.72 4400 1.60 −1.10 0.28
M5 I-61 35 4567 1.89 −1.36 0.23 −0.39 4425 1.27 −1.17 0.28
M5 I-68 50 4000 1.81 −1.04 · · · <0.00 4066 0.63 −1.17 0.29
M5 I-71 41 4373 2.05 −1.01 · · · −0.52 4360 1.12 −1.08 0.26
M5 II-50 29 4980 2.23 −0.88 0.06 −0.15 4590 1.57 −1.18 0.24
M5 II-59 37 4541 2.06 −1.27 0.11 −0.71 4450 1.27 −1.08 0.27
M15 K144 138 4706 1.15 −2.20 0.11 −0.52 4425 0.75 −2.26 0.29
M15 K169 92 4527 1.42 −2.29 0.21 −0.90 4400 0.65 −2.37 0.32
M15 K255 31 4571 1.43 −2.38 0.19 0.74 4640 1.40 −2.30 0.18
M15 K341 37 4333 1.35 −2.04 · · · −0.98 4275 0.45 −2.28 0.51
M15 K431 45 4939 1.89 −2.05 0.29 −0.48 4375 0.50 −2.36 0.43
M15 K553 53 4925 2.35 −2.43 0.21 <0.00 4855 2.00 −2.30 0.27
M15 K64 39 4764 1.77 −2.67 0.30 <0.00 5100 2.25 −2.30 · · ·
M15 K875 20 5268 2.28 −2.09 0.05 <0.00 4775 1.65 −2.30 0.40
and [Fe/H]= −2.25 reported by Feltzing et al. (2009)
and Norris et al. (2010b), respectively. We find Boo24
to have [Fe/H]= −1.65, also in reasonable agreement
with the [Fe/H]= −1.93 value reported by Norris et al.
(2010b) given the cluster comparison σs.
The difference between this study’s [Fe/H] deter-
minations and the previous literature determinations
(∆[Fe/H]) for the M5, M15 and Boo¨tes I stars is summa-
rized in the top panels of Figure 3. Overall, there is only
a very small (+0.02 dex) offset, in the sense of this study
minus literature values. Figure 3 plots this difference as a
function of ∆Teff (in the sense of our values minus litera-
ture values), Teff , and [Fe/H]. The clear correlation with
∆[Fe/H] with ∆Teff show that some of the differences in
[Fe/H] may be related to the adopted Teff values of this
study. However, there is a spread in ∆[Fe/H] even when
the Teff values are in agreement. There is also no signif-
icant correlation with either Teff or [Fe/H] of a star, in-
dicating that we are free from systematic offsets, at least
over the range defined by the comparison-star parame-
ters. Therefore, we estimate the final random individual
[Fe/H] errors as the standard deviation of ∆[Fe/H] for
the entire comparison sample, σ(∆[Fe/H]) = 0.20. This
agrees well with the individual σs found for the M5 and
M15 stars.
3.2. [α/Fe] comparisons
Figure 3 also compares the difference between determi-
nations of [α/Fe] from this study with previous literature
estimates (∆[α/Fe]). This is not an exact comparison,
as the previous literature studies measure different in-
dividual α-elements, including Mg, Si, Ca, and Ti. To
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Figure 1. Examples of the observed spectrum (solid lines) along with synthetic spectrum (dashed lines) produced using their respective
n-SSPP derived stellar parameters. Two regions are shown for each star to highlight the Ca II H & K region and the Mg triplet region. The
synthetic spectra are in very good agreement with the observed spectra. The very high [C/Fe] (and possibly [N/Fe]) of Boo21 is reflected
in the poor fit of the CN 3880 feature, as the n-SSPP does not estimate carbon or nitrogen and the synthetic spectra are produced with
the assumption of solar abundance ratios for carbon and nitrogen.
calculate the average literature [α/Fe] values, we simply
averaged whichever of the α-elements listed above were
available in each star’s respective high-resolution study.
While not a perfect comparison, this gives a good handle
on our errors and any possible offsets in interpreting the
Boo¨tes I sample.
The σ(∆[α/Fe]) from the comparisons is 0.10 dex. We
take this value as the estimate on the random error of the
[α/Fe] determinations. However, note that this study’s
[α/Fe] values are offset by an average of −0.13 dex from
literature measurements. A very similar offset was found
when comparing high-resolution M15 abundances from
the same sources as used here to SDSS-derived values
by Lee et al. (2011), who pointed out that some of the
offset could be due to the observational errors on [Si/Fe]
and [Ti/Fe] reported in Sneden et al. (1997). However,
because we calculate the average offset including the M5
and Boo¨tes I high-resolution determinations, we caution
that this average offset in ∆[α/Fe] is a potential system-
atic error in our analysis.
3.3. [C/Fe] comparisons
There are no independent measurements of [C/Fe] from
high-spectral-resolution studies for any one of our in-
dividual cluster stars. However, we can compare the
〈[C/Fe]〉 we derive from this study to the high spectral-
resolution study of Lai et al. (2011) for 17 stars in M5.
In this study, we find 〈[C/Fe]〉 = −0.49 and σ([C/fe]) =
0.22, as compared to 〈[C/Fe]〉 = −0.27 and σ([C/Fe]) =
0.25 found by Lai et al. A caution is that [C/Fe] can
vary greatly in individual globular cluster stars, so not
being able to compare star-to-star values of [C/Fe] has
its limitations. However, we can also directly compare
the [C/Fe] derived in the overlapping Boo¨tes I stars with
the values found by Norris et al. (2010b). For Boo01
and Boo24, Norris et al. (2010b) derive [C/Fe] values of
−0.30 and −0.65, respectively. These compare reason-
ably well with this study’s values of −0.05 and −0.80 for
the same stars.
Carollo et al. (2011) have compared determinations
of [C/Fe] employing the same techniques for carbon
abudundance estimates as the present study, but for a
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Figure 2. Examples of synthetic spectra (dashed lines) used to determine the [C/Fe], as compared to the observed spectra (filled circles)
of the same stars shown in Figure 1.
Figure 3. The top panels plot ∆[Fe/H] as a function of ∆Teff (both in the sense of our values minus the previous literature values),
literature Teff values, and literature [Fe/H] values. The average 〈∆[Fe/H]〉 = +0.02 is plotted as the solid line, and σ(∆[Fe/H]) = 0.20 is
plotted with the dashed lines. The bottom panels are the same, but for ∆[α/Fe]. 〈∆[α/Fe]〉 = −0.13 is plotted with the solid line, and
σ(∆[α/Fe]) = 0.10 is plotted with the dashed lines. Out of all of these cases, only ∆[Fe/H] as a function of ∆Teff shows a significant
correlation, with a probability of correlation > 95%.
6sample of very low-metallicity halo stars from SDSS with
high-resolution spectroscopic determinations reported by
W. Aoki et al., in preparation (covering the same metal-
licity range as the Boo¨tes I sample). They find a very
small offset (+0.03 dex) and rms scatter of 0.3 dex from
this exercise.
In summary, we find good agreement between our
[Fe/H] values and those derived by previous high-
resolution studies. A reasonable estimate of our in-
dividual errors comes from σ(∆[Fe/H]) = 0.20 and
σ(∆[α/Fe])= 0.10 dex. We caution that a systematic
offset on the order −0.13 dex for [α/Fe] may also be
present. It is more difficult to quantify the individual
errors in [C/Fe], however the general agreement of our
values with previous studies provides confidence in the
values derived here.
4. RESULTS
Table 1 presents the [Fe/H], [α/Fe], and [C/Fe] abun-
dance results for the Boo¨tes I sample. Overall we find
an average [Fe/H]= −2.59, and σ([Fe/H ]) = 0.43 dex.
To take into account the estimated errors on [Fe/H] and
calculate an intrinsic spread of [Fe/H] we use Equation 8
from Kirby et al. (2011b). The intrinsic spread we find in
our sample is σ([Fe/H ]) = 0.38. Figure 4(a) shows the
metallicity distribution function (MDF) of our Boo¨tes I
sample. It is apparent that the Boo¨tes I MDF has a wide
range of metallicities (2.1 dex in [Fe/H]), but is sharply
peaked at the average metallicity of [Fe/H]= −2.59. Also
plotted in Figure 4(a) are our measurements of the MDF
in our M5 and M15 sample. The spread at their respec-
tive metallicities is an indication of the error on [Fe/H]
from this study.
One star in our sample, Boo21, stands out as excep-
tionally metal poor, [Fe/H]= −3.79. This is one of the
more Fe-poor stars known in any dSph galaxy, match-
ing the [Fe/H]= −3.81 star found in the Sculptor dSph
(Frebel et al. 2010a). This is also the second extremely
Fe-poor star known in Boo¨tes I. A [Fe/H]= −3.66 star
was discovered by Norris et al. (2008) and subsequently
verified by Norris et al. (2010c). Given the rather low
number of stars with [Fe/H]< −3.5 presently known in
the Galactic halo, these results suggest that the ultra-
faint dSph like systems were an important source of stars
in this low range of metallicity.
4.1. The Boo¨tes I metallicity distribution
The detailed properties of the Boo¨tes I metallicity dis-
tribution are important constraints for its past evolution.
For example, where the 〈[Fe/H]〉 of Boo¨tes I falls on the
metallacity-luminosity relationship can be indicitave of
whether dwarf galaxies follow evolutionary trends of their
more luminous counterparts, or are actually stripped ver-
sions of these luminous counterparts. Additionaly, mea-
suring its intrinsic metallicity spread can inform the na-
ture of its chemical enrichment and duration of star for-
mation.
Finally the actual shape of the MDF can be also be
used to more carefully constrain its chemical evolution
history. For example, effective yield could decrease with
decreasing stellar mass because fo the increasing impor-
tance of outflows and supernova feedback. However,
Prantzos (2008) assumes that the effective yield in lower
mass systems (i.e. accreted satellites that formed the
Figure 4. (a) The MDF for our sample using a bin size of 0.2
dex. The open histogram, along with the reported sample values,
are for our Boo¨tes I sample. The filled histograms at [Fe/H]∼ −2.4
and [Fe/H]∼ −1.2 are the values we measured for our M15 and M5
stars, respectively. The metallicity spread and metal-poor nature
of Boo¨tes I is contrasted to the M15 and M5 distributions. (b)
The [α/Fe] values measured for our stars. The filled circles are
for the Boo¨tes I stars, the diamonds are for the M15 stars, and
the x symbols are for the M5 stars. In this case, the distribution
of [α/Fe] is very similar between Boo¨tes I and the cluster stars.
(c) The [C/Fe] distribution of our sample. The [C/Fe] for Boo¨tes
I range is both clearly larger and higher than the [C/Fe] of the
cluster stars.
halo) should have even lower values than what would be
predicted from more massive systems because of the lack
of Type Ia contributions in these systems. Boo¨tes I is a
low stellar mass system which shows no sign of Type Ia
contribution with its constant [α/Fe] (see Section 4.2),
indicating that its star formation history is truncated
enough to test this idea.
4.1.1. Average and Intrinsic Spread in Metallicity
To get a more detailed understanding of these proper-
ties, we expand the our Boo¨tes I [Fe/H] sample to include
the non-overlapping stars from Norris et al. (2010b)
(with [Fe/H] taken from Feltzing et al. (2009) if a high-
resolution derivation was not available), and compare to
the dSph findings of Kirby et al. (2011b). In the case
of 〈[Fe/H]〉 here, we employ a weighted average using
the inverse square of the errors because of the different
methods used to determine metallicity. For simplicity,
7we assume [Fe/H] errors of 0.1, 0.2, and 0.3 dex, for
high-resolution determinations, our present determina-
tions, and the Ca II K determinations, respectively.
For this expanded sample of 41 stars we find 〈[Fe/H]〉 =
−2.51 and intrinsic spread of σ[Fe/H] = 0.40. The
〈[Fe/H]〉 value is very close to the Norris et al. (2010b)
result, and as such seems to extends the metallicity-
luminosity relationship in this regime. In the sense that
Boo¨tes I is representative of a normal galaxy, one natural
explanation for this low metallicity is that the effective
yield decreases with decreasing stellar mass, reflecting
the increasing importance of outflows from supernova
feedback in lower mass galaxies (e.g., Tremonti et al.
2004; Prantzos 2008).
In more detail, we can compare 〈[Fe/H]〉 with the rela-
tionships derived for dSphs by Kirby et al. (2011b) (their
Equation 10) and for Local Group dwarf galaxies by
Woo et al. (2008) (as recast by Kirby et al. 2011b in their
Equation 12). Using the Boo¨tes I luminosity derived by
Martin et al. (2008), the metallicities predicted by these
relationships are [Fe/H]= −2.27 and [Fe/H]= −2.18 for
the Woo et al. (2008) and Kirby et al. (2011b) samples,
respectively. Interestingly, our 〈[Fe/H]〉 is closer to the
relationship derived from the Woo et al. (2008) sample
that uses no ultra-faint dSphs.
The intrinic spread of metallicity of our expanded sam-
ple is also very similar to the value found by Norris et al.
(2010b) for their Boo¨tes I stars. The intrinsic spread
is in the lower end of the ultra-faint dSph distribution
(Norris et al. 2010b; Kirby et al. 2011b). By itself, this
may indicate a less stochastic chemical enrichment his-
tory, more in line with the classic dSphs than the ultra-
faint dSphs. An alternative way to understanding the
intrinsic spread in metallicity can be had by convert-
ing [Fe/H] to Z, and comparing intrinsic logσ(Z/Z⊙)
values (Kirby et al. 2011b). Using this metric, we find
logσ(Z/Z⊙) = −2.45. This is much lower than the
logσ(Z/Z⊙) = −2.04 that would be predicted from the
relationship with luminosity that Kirby et al. (2011b) de-
rives from other dSphs. This could be from having a rela-
tively short star formation duration caused by an inabil-
ity to retain gas, even when compared to other ultra-faint
dSphs.
4.1.2. The Boo¨tes I MDF
To get a more detailed understanding of the Boo¨tes I
star formation history, we fit the combined MDF from
the expanded sample using the simple analytic chemical
evolution models and maximum likelihood fitting tech-
nique as described in Kirby et al. (2009, 2011b) (shown
in Figure 5). The models include two leaky-box mod-
els, one of which is assumed to start with metal-free gas
(the Pristine Model) and one with pre-enriched initial
gas (the Pre-Enriched Model). We also fit their Extra
Gas Model, which assumes that some new form of gas
becomes available for star formation through either in-
fall or an extra internal source of cooling gas, as adopted
from Lynden-Bell (1975).
In all three models the effective nucleosynthetic yield,
p, is a free parameter. This parameter encompasses both
metals produced by supernova that are released back into
the ISM as well as gas loss from the system. The Pre-
Enriched Model also has an extra free parameter, the
initial metallicity of the gas, designated by [Fe/H]o. For
simplicity the Extra Gas Model assumes that the addi-
tional gas has zero metallicity. The amount of extra gas,
M (where M = 1 represents no extra gas and therefore
reduces to the Pristine Model), is the extra free param-
eter.
The results of performing the maximum likelihood fit
to each model are shown as the curves in Figure 5.
The best Pre-Enriched model has a [Fe/H]o = −3.97.
The best Extra Gas model has M = 6.4; i.e., 84% of
the stars formed from an extra reservoir of metal-free
gas. These final models can be compared by the log-
arithm of the ratio of the maximum likelihoods Lmax
(Kirby et al. 2011b). Using this description, the fits
give ln(Lmax(ExtraGas))/Lmax(Pristine)) = 0.17 and
ln(Lmax(Pre− Enriched)/Lmax(Pristine)) = 0.07. So
while the Extra Gas and Pre-Enriched models both fit
the distribution better than the Pristine model, all three
actually fit the MDF reasonably well.
The very low [Fe/H]o = −3.97 for the Pre-Enriched
model shows that assuming pristine gas for the simple
model is an excellent assumption in the case of Boo¨tes
I, and there is very little difference in the model fits as
a result. This is in contrast to the dSphs studied by
Kirby et al. (2011b), with only Sculptor coming close to
this low of a [Fe/H]o. Qualitatively, the Pristine and Pre-
Enriched model are very similar, while the Extra Gas
model does the best at fitting the peak of the MDF. The
Extra Gas model improves the fit to the peak of the MDF
by mainataining a low metallicity for period of time in
the galaxy thanks to the infall of pristine gas. However,
it does a poorer job of fitting the low-metallicity tail.
Not suprisingly, given the similarity of the fits, the ef-
fective yields are also similar. The p values for the Pris-
tine Model, the Pre-Enriched Model, and the Extra Gas
Model are 0.0040, 0.0035, and 0.0033, respectively. These
low and roughly comparable values in p are in agreement
with the idea that the effective yield decreases with mass
of the galaxy, through a mechanism such as supernova
feedback having a greater affect on the gas of the gas
due to heating or mass loss. In particular, the p value
in Boo¨tes I continues the monotonic decrease with de-
creasing luminosity as found in classic dSphs studied by
Kirby et al. (2011b). However, comparing the predicted
p value from the relationship assumed by Prantzos (2008)
by their Equation 4, our most likely p values are a fac-
tor of two higher (assuming the stellar mass measured
by Martin et al. 2008). At least for the case of Boo¨tes I,
the effective yield is actually better represented by the
relationship defined by more massive local group galaxies
(Dekel & Woo 2003).
4.2. The [α/Fe] distribution
Figure 4(b) shows a very similar distribution of [α/Fe]
for the Boo¨tes I stars as for the cluster stars. As this is
a relative comparison, this takes into account systematic
and random errors. The average and standard deviation
for all of the Boo¨tes I stars are 〈[α/Fe]〉 = 0.23 and σ =
0.14 dex. For M5 these measurements are 〈[α/Fe]〉 =
0.18 and σ = 0.11 dex, and for M15, 〈[α/Fe]〉 = 0.20
and σ = 0.09 dex. Given the error in measuring [α/Fe],
the Boo¨tes I distribution is consistent with the measured
cluster distributions. In particular, because both M5 and
M15 show no signs of [α/Fe] variations in high-resolution
studies, our Boo¨tes I sample is consistent with showing
8no spread in [α/Fe].
Since it is well known that the globular cluster and halo
[Fe/H] distributions are very similar, we conclude that,
on average, the Boo¨tes I stars are also a good match to
the halo [α/Fe]. We find a flat distribution of [α/Fe]
in the metallicity range of our Boo¨tes I stars, which is
typically attributed to having mainly contributions from
Type II SN, and none to very little from Type Ia events.
This flat trend is in contrast to the nearly constant de-
cline of [α/Fe] found in classic dSphs by Kirby et al.
(2011a). However, as they note, their data are sparse
for [Fe/H]< −2.5, where most of the Boo¨tes I stars lie.
We interpret this flat trend in a similar manner to halo
metal-poor stars, an indication that Type Ia SN have
had little to no contribution to the Boo¨tes I chemical
composition. If we assume we have a systematic offset in
our [α/Fe] measurements (section 3.1), we estimate that
the true value for 〈[α/Fe]〉 in Boo¨tes I is 0.36.
4.3. [C/Fe] in Boo¨tes I
Figure 4(c) shows the distribution of [C/Fe] for our
sample. While the cluster stars show a clear subsolar
average in [C/Fe], the Boo¨tes I sample has a much larger
spread, which includes many carbon-enhanced metal-
poor (CEMP) stars. This is typically defined by stars
with [Fe/H]≤ −2.0 and [C/Fe]≥ 1.0. Using this tradi-
tional definition (but relaxing the [Fe/H] constraint to
include the two stars with slightly higher metallicities in
this particular Boo¨tes I data set), the CEMP fraction
of this sample is 12% ± 7%. Even with the relatively
large error due to small numbers, this is in line with esti-
mates of the halo fraction of CEMP stars that range from
9 to 25 % (see, e.g. Cohen et al. 2005; Lucatello et al.
2006; Lai et al. 2007). One of these CEMP stars includes
the most Fe-poor star of our sample, Boo21, which has
[C/Fe]= +2.2. The metallicity and carbon enhancment
for this star matches the measurements of another dSph
star found by Norris et al. (2010a) in the Segue 1 dSph
system. However, the resolution of the spectrum is too
low to determine if it is a CEMP-no star (carbon-rich,
metal-poor, and not enhanced in neutron-capture ele-
ments) like the Segue 1 star.
Our carbon-enhanced star fractions are in contrast
with the sample of Norris et al. (2010b), where no CEMP
stars were discovered in Boo¨tes I. Including these stars in
the calculation, the CEMP fraction drops to 8% ± 4%.
However, even this lower figure is still consistent with at
least the lower bound of the estimates CEMP fractions
measured in the halo.
Alternative definitions for CEMP stars has been pro-
posed by Aoki et al. (2007a) and by Norris et al. (2010b).
The Aoki et al. (2007a) definition is dependent on lumi-
nosity and takes into account an expected reduction of
[C/Fe] due to mixing events as a star evolves up the red
giant branch. Norris et al. (2010b) suggests a definition
of carbon richness that is dependent on [Fe/H], utilizing
the same set of data presented in Aoki et al. (2007a).
Both of these situations are plotted in Figure 6. In the
luminosity dependent case, the CEMP fraction increases
to 20% ± 9% and 12% ± 5%, for this study’s data and
for this study’s combined with the Norris et al. (2010b)
study’s results, respectively. For the [Fe/H] dependent
definition, the percentages remain the same with respect
to the traditional CEMP definition. So regardless of the
Figure 5. The MDF of Boo¨tes I, including results from this
study and previous results reported from Feltzing et al. (2009) and
Norris et al. (2010b). The various curves represent the best-fit
analytic chemical evolution models, as described in Kirby et al.
(2011b).
definition adopted, the CEMP fraction of Boo¨tes I ap-
pears consistent with the halo fraction.
5. DISCUSSION
Boo¨tes I is a very metal poor system; the average
〈[Fe/H]〉 = −2.59 found here agrees with previous stud-
ies of this system. We have discovered a star with
[Fe/H]= −3.79, which is essentially identical to lowest
discovered in any dSph system, either classic or ultra-
faint, and is the second such star discovered in Boo¨tes I.
There is a large total range in [Fe/H] of 2.1 dex. This
is larger than the range found by Norris et al. (2010b),
1.7 dex, but the two values are consistent within er-
rors. In particular, the intrinsic spread in metallicity
σ([Fe/H]) = 0.38, is almost identical to the value mea-
sured by Norris et al. (2010b).
Combining the MDF from this study with previously
measured values and comparing them to simple ana-
lytic chemical evolution models indicates that the stellar
content of Boo¨tes I may be dominated by stars formed
from a fresh supply of gas distinct from the initial star
forming gas (either externally through infall/accretion
or an internal gas that cools between episodes of star
formation). However, leaky-box models assuming ini-
tially zero-metallicity and pre-enriched gas also fit the
MDF comparably well. Consistently from all three mod-
els, we find Boo¨tes I has an effective yield that follows
the monotonically decreasing trend of effective yield with
lumonisity as found in the classic dSphs measured by
Kirby et al. (2011b). The actual value, p ≃ 0.0035, is
about a factor of two higher than the trend assumed by
Prantzos (2008) when working with assumption of no
Type Ia SN contributions.
Overall, the bulk metallicity properties (〈[Fe/H]〉,
σ([Fe/H]), and p) of Boo¨tes I point to a system that falls
in more in line with trends from more luminous coun-
terparts (Woo et al. 2008; Kirby et al. 2011b). However,
given the general spread found in these quantities found
for other ultra-fain dSph galaxies, Boo¨tes I is not so much
9Figure 6. [C/Fe] of Boo¨tes I stars as a function of Log(L/L⊙) and [Fe/H]. The dashed lines show the lower limit for carbon richness as
defined by Aoki et al. (2007a) in the Log(L/L⊙) plot, and by Norris et al. (2010b) in the [Fe/H] plot.
of an outlier, but is likely more of an indication that even
at these low luminosities there can be appreciable varia-
tions in chemical evolution histories.
We also find that, on average, our [α/Fe] matches
the halo pattern at the same metallicites, showing no
signs of Type Ia SN contributions. The CEMP frac-
tion we calculate, 12 % for just this sample and 8 %
including the Norris et al. (2010b) results, also matches
the halo CEMP fraction. These combined results place
Boo¨tes I in a very interesting position. On average the
abundance patterns we find are good matches to those
seen in metal-poor halo stars in the same low metallicity
regime of Boo¨tes I ([Fe/H] ≈ −2.0 and lower). How-
ever, Feltzing et al. (2009) finds variations in [Mg/Ca] in
Boo¨tes I, which match similar findings in other dSphs
Hercules (Koch et al. 2008) and Draco (Fulbright et al.
2004) for stars that are in the same low metallicity range
as defined by Boo¨tes I stars. Given the rarity of find-
ing this type of abundance signature in the halo, this
might indicate a disimilarity of populations between low
metallicity stars in the halo and dSphs.
Furthermore, careful comparison of the MDF of the
Sculptor dSph by Kirby et al. (2009) with the metal-
poor tail of the halo field from Scho¨rck et al. (2009)
also demonstrates another possible disconnect between
metal-poor dSph populations and the halo field; too
many extremely metal-poor (EMP; [Fe/H] < −3.0 stars),
relative to the halo, being found in Sculptor. On the
other hand, this study finds a CEMP fraction similar
to that found in the halo field. Also, others have found
that abundance patterns for some stars in both the ultra-
faint and classic dSph systems match the detailed abun-
dance patterns of halo EMP stars (Frebel et al. 2010b,a;
Norris et al. 2010a).
As has been previously pointed out (e.g., Kirby et al.
2009), some of these disimilarities should actually be
expected from formation models (e.g, Robertson et al.
2005; Font et al. 2006), where only a few dwarf systems
more massive than current day dSph systems formed the
majority of the halo population. This is further sup-
ported by the differing α-element abundance patterns
found in dSph stars with metallicitities higher than those
found in Boo¨tes I (see Geisler et al. 2007 and references
therein).
However, this is true for the inner-halo population.
Farther out into the halo, there is evidence for a di-
chotomy in the populations (Carollo et al. 2007, 2010).
This may be because the history of the outer halo re-
gion is more dominated by recent accretion and smaller
mass systems (Bullock & Johnston 2005). In this same
regard, Carollo et al. (2011) have recently shown that
the fraction of CEMP stars at a given (low) metallicity
that can be kinematically associated with the outer-halo
population is roughly twice that of the frequency asso-
ciated with the inner-halo population, and took this as
strong evidence for multiple additional sources of carbon
production beyond the canonical AGB-star mechanism
that may dominate in the inner halo.
Considering that most halo stars that have been stud-
ied are members of the inner-halo population, the di-
versity of abundance signatures found in dSph systems
compared to what has been found so far in halo stars
is not surprising. The similarities in both average prop-
erties as found here for Boo¨tes I, and in detailed chem-
ical abundance patterns found in individual dSph stars
with halo stars, do seem to indicate some commonality
in chemical evolution in dSphs with Galactic halo pro-
genitors. However, at least in the inner-halo population,
the more unique chemical signatures found in some in-
dividual dSph stars may be washed out by stars con-
tributed from the larger progenitor systems predicted by
Robertson et al. (2005) and Font et al. (2006).
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Given all of the above, the growing body of abundance
results for both classic and ultra-faint dSph systems such
as Boo¨tes I points to the outer-halo population of the
Galaxy as being a promising hunting ground for valida-
tion of the hierarchical formation scenario as described
in Bullock & Johnston (2005). There is already evidence
of a more diverse outer halo, in both chemically unique
individual stars (Lai et al. 2009) and in chemical diver-
sity as a whole (Roederer 2009). Further tests of this
picture will require measuring abundances for both a sig-
nificantly larger number of dSph stars and for additional
in situ studies of the outer halo.
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